The objective of this study was to obtain a quantitative understanding of the crateting process over a broad range of conditions. Our approach was to numerically compute the evolution of impact induced flow fields and calculate the time histories of the key measures of crater geometry (e.g. depth, diameter, lip height) for 
INTRODUCTION
The recent decades of planetary observation and exploration have lead to the conclusion that the impact of solid bodies is one of the fundamental processes in the origin and evolution of the solar system. While the impact process is conceptually easy to visualize, the detailed quantitative description of the mechanics have been difficult and illusive [e.g., Melosh, 1989 ]. The overall objective of this study is to obtain a quantitative description of the planetary cratering process over a broad range of conditions. Specifically the objectives are to establish quantitative scaling relationships for (1) the temporal evolution of the key measures of the crater geometry (depth and diameter), (2) the maximum depth of penetration and excavation, and lip height, and (3) the transition from simple to complex craters. We address these objectives over a broad range of planetary gravities, material strengths, and impactor sizes (from meters to those that formed the multiringed basins). Thompson [1979] . The key equation of state parameters along with the mechanical parameters that were used in the code to represent a typical silicate impactor and planet are listed in Table 1 . The constitutive model we employ is elasticplastic [Thompson, 1979] . Other models for material strength are being examined and will be reported upon in the future.
We varied the mechanical properties as characterized by the yield strength. In all cases, the material properties of the impactor and planet were identical.
The impact parameters and variables are defined and listed in Table 1 along with the range over which they were varied. We nondimensionalized these using the formalism of Holsapple and Schtnidt [1987] . The magnitudes of the In determining the range of the inverse Frofide number, we had a choice of varying either the projectile radius or the gravitational acceleration; for ease of computation, we fixed the radius and varied the gravitational acceleration over six orders of magnitude. This is equivalent to varying the impactor radius from 5 m to 5000 kin. We restricted the impact velocities to 12 km/s so as to not get into the impact regime where there are significant vaporization effects. This limits the validity of the scaling laws to velocities less than 30 km/s for typical silicates. We have studied the effects of high speed impacts (>30 kin/s) and will report in detail on these elsewhere (see preliminary work in O'Keefe and Ahrens [1989] ).
The results of the computations represent a very large amount of computer output with over -104 variables being calculated for each time step. In this paper we will report on the geometrical measures of the cratering process such as the depth, diameter and lip height. The depth is defined as the distance from the initial planetary surface and the planetary surface at a given time at the centerline of the impact; the diameter is defined as the distance between the interface between the impactor and planetary surface at the initial planetary surface height; the lip height is measured relative to the original planetary surface level (e.g., see Figure 1 ). The dimensionless depth and diameter histories are summarized in Table 2 . In addition, we have included a series of detailed flow field plots; these represent the development of a simple bowl-shaped crater ( Figure 1 ) and a complex crater exhibiting central peak and ring formation (Figures 2 and 3) . To determine the displacement of planetary material during the cratering process, we placed massless tracer particles at various positions and computed their trajectories which are also shown in the right sides of Figures 1 and 2 . In addition, we connected the tracer particles both vertically and horizontally so as to illustrate the deformations that occur within the surface layers. These results can be compared to field measurements of the deformations of the layering sequences and can also be compared to laboratory scale experiments. The results for a complex crater are shown in Figure 3 .
CRATER SCALING REGIMES
The cratering process can be described in terms of at least four temporal regimes; penetration, inertial, terminal and relaxation. Schmidt The diameter does not have a simple growth law during the penetration regime. The impact of a near spherical impactor will produce small amounts of jetting and vaporization near the initial point of impact even at low velocities; the magnitude depends sensitively on the details of the impactor-planetary surface geometry [Kieffer, 1976] .
The penetration regime for diameter ends when the maximum lateral extent of the impactor penetrates the surface which, from geometrical considerations for a spherical impactor, occurs at dimensionless time of
The cratering process during the penetration regime scales as the energy of impact. This is because the ejecta plume is not significant and all of the energy is in the crater cavity. This also implies that phenomena that are dominated by processes during the penetration regime will scale as the energy of impact [Bjorkman and Holsapple, 
Diameter (D)
The diameter also grows as a simple power law in the inertial regime (e.g. Figure 5 ). The scaling for the diameter from a fit to the results in 
Shape
The shape of the transient cavity changes rapidly during the penetration regime. The depth grows more rapidly than the diameter during the penetration time, and the scaling of the evolution of the diameter to depth is given from the ratio of equations (6) The inertial regime is characterized by the quasihemispherical expansion of the crater cavity. In this regime, the geometry of the cavity does not change, and the projectile is deformed into a thin hemispherical shell that lines the transient crater cavity. The strong shock that was attached to the projectile during the penetration time has now propagated away from the the cavity region [Bjork, 1961 In the strength dominated case where shock weakening is negligible, the scaling is given by -0.28 = 0.84 which is derived from Figure 8 .
In the shock weakened case, the depth is independent of the magnitude of the yield strength and is determined by the amount of material that is thermally weakened and is given by The crater lip will collapse and produce an outwardly propagating surface wave which rapidly increases the apparent diameter of the crater (Figures 2c-2d, 3c, 3d) . Simultaneously, the crater floor moves upward and an inner crater lip forms. The outer ring is defined as the arrested diameter of the enlarged crater which resulted from the collapse of the transient crater lip. Note that neither the outer ring nor the inner ring correspond to the maximum diameter of the transient crater. Figure 3 
We will show that (29) can be cast in the form of (28) and leads to similar conclusions as those drawn by Melosh.
Equation (29) can be solved for the maximum depth of penetration and that result is used in (11) to determine the transition impactor radius. Substituting this into (24) for the diameter yields
In studying cratering on remote planetary surfaces, the observables are the surface morphology of the craters. In the following section we will relate some of the transient nonobservable aspects of the cratering process (e.g., depth of penetration, excavation, lip height) to the usual observable quantity, crater diameter.
The maximum transient cavity diameter relative to the final crater diameter in gravity dominated craters is given by dividing (20) relaxation. The scaling laws for each of the first three regimes are summarized in Table 3 . In the penetration regime the depth evolves linearly with time. In the inertial regime, the scaling of the crater geometry is a function of the coupling exponent (g) as defined by Holsapple and and was shown by them to be related to the slope of the growth of the depth and diameter in that regime. The results of this paper confirm that relationship. The value found for the coupling exponent, g, was 0.56 which is consistent with range of values found by Holsapple and Schmidt [1987] . This value implies that the volume of the crater scales in between energy and momentum scaling (e.g. g = 2/3 for energy scaling, and g = 1/3 for momentum scaling). During the penetration regime (q; < 5.1), the phenomena associated with the crater evolution such as the volume of rock melted and vaporized scale as the energy of impact. However for q;> 5, some of the shocked material is ejected from the growing transient cavity. This reduces the energy in the cavity and causes the shock wave to decay more rapidly. This loss of energy from the cavity results in the scaling of descriptors of the flow, such as particle velocity, in the inertial regime to the lower than predicted from energy scaling but somewhat greate.r than predicted from momentum scaling.
In studying cratering remotely on planetary surfaces, the primary observables are the crater diameter including the diameters of the multiple rings, the presence of central peaks and pits and the relaxed crater depth. We have related several key transient nonobservable aspects of the cratering process (e.g. maximum depth of penetration, depth of excavation, and maximum crater lip height) to the crater diameter. For example, the maximum depth of penetration relative to the crater diameter is -0.6 for strength dominated craters and -0.3 for gravity dominated craters. This implies that impactors associated with the large basin impacts penetrated to great depths on the planets. However, detailed observations of terrestrial impact craters demonstrate that the stratigraphy, both below and surrounding the craters, appear to be undisturbed. This has been erroneously used to imply that the impactor did not penetrate deeply. However, laboratory experiments under high accelerations [e.g. Schmidt and Housen, 1987, Figure 10 ] simulating large scale impacts also exhibit intact layering sequences at relatively shallow depth ( Figure  15) . In examining the details of the rebounding of the depth and the collapse and propagation of the crater lip in the gravity dominated regime, we observe that the initial target stratigraphy is reconstructed in the rebound process. In Figure 3 , we have connected these particles to clearly illustrate this effect. Moreover, in the laboratory tests of Schmidt and Holsapple [1987] , they produced a crater at low acceleration (simple bowl-shaped crater) and subjected it to high acceleration (522 ge'S) and found that it rebounded and nearly perfectly reconstructed the initial stratigraphy (Figure 15) . In examining the details of the rebounding of the crater in the gravity dominated regime, we found that the initial planetary material layering sequence is reconstructed in the rebound process (see Figure   3 ).
In a similar manner to the penetration, the maximum deep of excavation relative to the crater diameter was examined and found to be -0.05 for gravity dominated craters and-0.09 for strength dominated; this implies that for impact velocities less than the threshold for significant vaporization, the excavated material comes from relatively shallow depths. However, for very large craters the absolute depth of excavation could be significant, and could give rise to impact induced volcanism.
The transition from simple bowl shaped craters to complex craters was analyzed. This occurs when gravity starts to dominate over strength in the terminal phase. The transition diameter is proportional to Y/pg where the proportionality constant is -9.0.
